A new design in efficient sorbents for the removal of trace pollutants from water was proposed: grafting the external surface of γ-alumina (γ-Al 2 O 3 ) nanofibers with functional groups that have a strong affinity to the contaminants. This new grafting strategy greatly improves the accessibility of these sorption sites to adsorbates and thus efficiency of the fibrous sorbents. The product sorbents could capture the pollutants selectively even when the concentration of the contaminants is extremely low. Two types of γ-Al 2 O 3 nanofibers with different size were prepared via facile hydrothermal methods. Thiol groups were then grafted on the γ-Al 2 O 3 fibers by refluxing the toluene solution of 3-mercpatopropyltrimethoxysilane (MPTMS). The thiol group modified fibers not only can efficiently remove heavy metal ions (Pb 2+ and Cd 2+ ) from water at a high flux, but also display high sorption capacity under sorption equilibrium conditions. Similar result was obtained from the nanofibers grafted with octyl groups which are employed to selectively adsorb highly diluted hydrophobic 4-nonylphenol molecules from water. This study demonstrates that grafting nanofibers is a new and effective strategy for developing efficient sorbents.
Introduction
Toxic inorganic or organic contaminants, such as heavy metal ions and alkylphenols, are serious threat to the health of a large population due to their high toxicity. One of the potential remedies to this problem is removal of the contaminants via a sorption process. Activated carbons (Clifford, D. et al., 1986; Huang, C. P. et al., 1989) and natural clays (Haderlein, S.B. et al., 1996; Weng, C. H. et al., 1997) have large surface areas, but display weak sorption ability due to their weak interaction with the target contaminants. Recent investigations have discovered that the sorption efficiency of porous inorganic materials, such as clays (Celis, R. et al., 2000; Lagadic, I. L. et al., 2001 ) and mesoporous silica (Feng, X. et al., 1997; Liu, J. et al., 1998; Mercier, L. et al., 1997; Brown, J. et al., 1999; Yoshitake, H. et al., 2004; Antochshuk, V. et al., 2003; Liu, A. M. et al., 2000) , could be improved by grafting organic groups.
These organic functional groups are grafted on the inorganic substrates via stable covalent bond and have strong affinity to certain class of toxic contaminants. Thus the grafted sorbents can capture the toxic contaminants selectively even if their concentration is extremely low. Currently the inorganic substrates possessing large specific surface area and numerous silanol groups are selected because large amount of functional groups (the capturers) can be grafted on these sorbents. For instance, montmorillonite and other smectite clays modified by quaternary ammonium compounds and/or thiols have been used to adsorb heavy metal ions from water. (Lagadic et al., 2001; Cody and Kemnetz 1997; Greco 1996; Mercier et al., 1998; Celis et al., 2000) Mesoporous silicas were also functionalized for the same purpose. Liu et al. (Feng, X. et al., 1997; Liu, J. et al., 1998) grafted thiol groups on the pore walls of MCM-41; Pinnavaia et al. (Mercier et al., 1997; Brown et al., 1999) achieved the covalent grafting of thiol moieties to HMS support; Zhao et al. (Liu et al., 2000) developed thiol-and amino-functionalized SBA-15 silicas. Furthermore, Inumaru et al. (Inumaru et al., 2000; Inumaru et al., 2004) used MCM-41 as support to make surface modification through grafting of alkyltriethoxysilane. The alkyl group grafted sorbents can selectively remove highly diluted alkylphenols from aqueous solution. However, there is a drawback when these porous substrates are grafted: The grafting substantially reduces the pore size, resulting in narrow and non-interconnected pores, and this restrains the flow of the solution through the pores and constrains the adsorption efficiency of contaminants. Clearly, to undertake the sorption of heavy metal ions or organic pollutants, it is imperative to develop novel sorbents with large sorption capacity and enhanced sorption kinetics. The effective accessibility of grafted functional groups to the solution is the main focus for improving adsorption efficiency, and requires a radical change in the fundamental structure of the inorganic substrates.
In recent years, various oxide nanofibers have been reported (Xia et al., 2003; Shen et al., 2007; Zhu et al., 2002; . Thin nanofibers possess large specific surface areas which enable large number of organic functional groups to be grafted; the voids between fibers are interconnected and much larger than the pores in clay based materials and mesoporous solids, allowing not only a higher flow rate but also giving the contaminants in the fluid more effective access to the grafted groups, hence better sorption. To verify the concept, two types of γ-Al 2 O 3 nanofibers were used as substrates in the present study. Thiol and octyl groups were then grafted on the γ-Al 2 O 3 fibers by refluxing the toluene solution of 3-mercpatopropyltrimethoxysilane (MPTMS) and noctyltriethoxysilane (OTES), respectively. The large difference between the specific surface areas of the two substrates demonstrates the effect of the specific surface area on the performance of the functionalized fibers. As expected, the thiol grafted γ-Al 2 O 3 fibers can efficiently adsorb Pb 2+ and Cd
2+
ions from water especially at a high water flux. Similarly, octyl grafted samples are well-proficient in selectively adsorbing highly diluted toxic 4-nonylphenol molecules from water. Obviously, the interconnected pore structure formed by the voids between the fibers makes the functional groups easier be accessed to target contaminants, and greatly improves the decontamination efficiency. following the procedures reported in our previous studies (Zhu et al., 2002; The sample formed after 8 days displays typical fibrous morphology and has a crystal phase of boehmite.
Experimental Section

Preparation of γ-Al
The obtained boehmite fibers were converted to γ-Al 2 O 3 nanofibers by a calcination at 773 K. The larger fibers are ~10 nm thick and 300 nm long and have a specific surface area of 160 m 2 g -1 . They were synthesized by employing the Bugosh procedure (Bugosh 1961) , and converted to γ-Al 2 O 3 nanofibers, FA(L) also by the calcination at 773 K.
Grafting of functional groups.
Two silanes, 3-mercpatopropyltrimethoxysilane (MPTMS) and n-octyltriethoxysilane (OTES), were selected as coupling agents to graft functional thiol and octyl groups on the γ-Al 2 O 3 nanofibers by refluxing the suspension of the fibers, silanes and toluene.
For example, the thiol group grafted samples were prepared as follow: 0.6 mL (0.9 mL) of MPTMS was mixed with 1.5 g of FA(S) nanofibers in 50 mL of dried toluene. This mixture was stirred under reflux condition for 36 h. Then the solid in the mixture was collected by filtration, rinsed with anhydrous ethanol to remove the unreacted MPTMS and dried at 80 ºC for 24 h. The functionalized products were denoted as SH-FA(S)-1 (0.6 mL MPTMS) and SH-FA(S)-2 (0.9 mL MPTMS). Thiol groups were also grafted on larger γ-Al 2 O 3 fibers obtained from Bugosh's approach in the same procedure. The samples were SH-FA(L)-1 and SH-FA(L)-2.
Similarly, the octyl group grafted samples were prepared as fellow: 1 mL (2 mL) of OTES was mixed with 1.0 g of FA(S) nanofibers in 50 mL of dried toluene. This mixture was stirred under reflux condition for 36 h. Then the solid in the mixture was collected by filtration, rinsed with anhydrous ethanol to remove the unreacted OTES and dried at 80 ºC for 24 h. The functionalized products were denoted as C8-FA(S)-1 (1 mL OTES) and C8-FA(S)-2 (2 mL OTES).
Sorption experiments.
To study the sorption property of the thiol group grafted sorbents, two assessment methods were adopted. Firstly, to assess the sorption efficiency at a high flux, 100 mg of a sorbent was loaded in a glass column with diameter of 30 mm. 50 mL of aqueous solution with Pb 2+ (or were used. The data were collected over a 2θ range between 4 and 75°, at a scanning rate of 2.5°/ min. N 2 adsorption/desorption isotherms of the samples were measured on a Micrometrics Tristar 3000 automated gas adsorption analyzer after the sample was pretreated at 110 C under the flow of N 2 on a Micrometrics Flowprep 060 degasser. Specific surface area were calculated by using the BET equation and the isotherm data in a relative pressure (P/P 0 ) range between 0.05 and 0.2. Thermal decomposition of the samples was carried out in a high-resolution thermogravimetric analyzer (series Q500) of TA Instruments in a flowing nitrogen atmosphere (60 cm 3 /min). Approximately 10 mg of specimen underwent thermal analysis, which was heated at a rate of 5 K/min to 1200 K. in the spectrum of C8-FA(S)-1, which are corresponding to the symmetric and antisymmetric C-H stretching vibration of CH 3 and CH 2 . Additionally, the bands in the 1020-1090 cm -1 region are observed in the grafted samples, which are assigned to the vibration of Si-O-Al bond (Farmer, 1974; Gadsden 1975 ). These facts indicate that the silane with thiol and octyle groups have been grafted on to the surface of γ-Al 2 O 3 nanofibers, respectively. respectively. Obviously, more functional groups were grafted on the small nanofibers due to their large specific surface areas.
Results
XRD Patterns and FTIR
3.3.
29 Si NMR Spectra. Fig. 3 shows the 29 Si MAS NMR spectra of the samples SH-FA(S)-1, SH-FA(S)-2, C8-FA(S)-1, and C8-FA(S)-2. For thiol group grafted samples, all spectra exhibited distinct signals at -66 and -55 ppm (Fig. 3a) ). The pore size distributions (PSDs) of the large γ-Al 2 O 3 fibres and the thiol grafted samples were derived from the data of their nitrogen sorption isotherms and provided in Fig. 4b . Because the pores in the fibrous solids are the voids between nanofibres (Fig. 4a) , which have irregular shapes and non-unifrom sizes, the PSD of pure large γ-Al 2 O 3 fibres is broad and peaked at about 5.6 nm, as did the (Fig. 6d) .
Apparently, the thiol grafted fibrous sorbents not only exhibit super sorption ability for heavy metal ions at high flow rates, but also possess superior equilibrium sorption capacity.
( Fig. 6 
Hydrophobicity and Sorption for 4-nonylphenol.
Given the hydrophobic nature of the octyl groups, it is anticipated that octyl group grafted nanofibers are hydrophobic. The wettability was studied by measuring the contact angle (CA) of water on the surface of the tableted nanofibers. Fig. 7 shows the shape of a water-droplet on the surface of parent and octyl grafted small γ-Al 2 O 3 nanofibers. The parent γ-Al 2 O 3 nanofiber has a water CA of 21 ± 2º, displaying a hydrophilic trait (Fig. 7a) . However, the thiol group grafted sample, C8-FA(S)-1, exhibits super hydrophobicity with a water CA of 145 ± 2º (Fig. 7b) .
The toxic 4-nonylphenol has a low solubility in aqueous solution due to its hydrophobic nonyl group. It is an endocrine disrupter from sewage disposal plants and shows its oestrogenic activity at very low concentrations (Preziosi 1998; Tyler and Routledge 1998; MuÜller and Schlatter 1998) . To remove the highly diluted 4-nonylphenol molecules, molecular selectivity is crucial in sorption process. It has been reported that octyl group grafted silica-based mesoporous sorbents could selectively remove trace 4-nonylphenol from water. (Inumaru et al., 2000; Inumaru et al., 2004) Herein, the octyl group grafted γ- 
Discussion
An important feature of this study is that we grafted functional groups on the external surface of inorganic substrate, γ-Al 2 O 3 nanofibers. These functionalized nanofibers exhibited high sorption ability for pollutants from water, especially at a high flux. This novel design strategy provided two superior advantages for the fibrous sorbents in practical application. Firstly, the unique fibrous morphology of the inorganic permits large flux passing through the filtration bed and leads to high sorption efficiency because the functional groups are grafted on the external surface of the nanofibers rather than on the internal pore walls of conventional porous supports (Fig. 9b) . Undoubtedly these functional groups are readily accessed by the toxic contaminants. This overcomes the problems of the existing sorbents and will greatly facilitate the application of sorption techniques. Secondly, the interconnected voids between fibers, large void size and surface/volume ratio (Yoon et al., 2008) , are unique structural features of the nanofibers and are crucial for the superior sorption performance of the fibrous sorbents (Fig. 9a) . Fine powder of γ-Al 2 O 3 particles with irregular or spherical shapes cannot form structures with both large interconnected voids between particles and large specific surface area, and thus are not as good substrates as the nanofibers for efficient sorbents (Pu et al., 2004) . With these unique structural features, the fibrous sorbents are able to achieve high sorption efficiency for the removal of contaminants at large fluxes. This is a valuable property for industrial application of the sorption technique.
( Fig. 9 -The schematic diagrams of (a) irregularly aggregated functionalized γ-Al 2 O 3 nanofibers and (b) a single functional group grafted γ-Al 2 O 3 nanofiber.)
Conclusion
γ-Al 2 O 3 nanofibers provide us with an important opportunity to fabricate efficient and selective sorbents by grafting functional groups on the external surface of the fibers, because they have high surface area, large void size and surface/volume ratio. For instance, thiol and octyl groups can be grafted on the nanofibers by reacting the fibers with thiol-and octyl-silane coupling agents, respectively. The thiol groups grafted nanofibers were employed to adsorb heavy metal ions (Pb 2+ and Cd 2+ ) from water. It was found that the functionalized nanofibers have high sorption capacities and can remove the toxic heavy metals at high fluxes and selectively. The octyl group grafted nanofibers displayed super hydrophobicity (CA = 145 ± 2º) and could efficiently adsorb highly diluted hydrophobic 4-nonylphenol from aqueous solution. The superior sorption efficiency is attributed to unique structural features of fibrous inorganic support. Firstly, the functional groups are grafted on the external surface of the fibers, which can improve the accessibility of the sorption sites to the adsorbates. The other advantageous feature is from the numerous large interconnected voids formed in the aggregation of the randomly oriented nanofibers, which assure that the contaminated solution flows through the sorption bed easily.
Actually, the strategy demonstrated specifically for using γ-Al 2 O 3 nanofibers to improve the accessibility has a much broader significance since it could be applied to address the problem of diffusion difficulties which seriously affects numerous sorption (and catalysis) process and develop next generation of sorbents and catalysts with better performance. 
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